A grassland dominated by tufted hairgrass was one of three major prairie communities in the Willamette River design, and an important assumption is that yields in population mixtures can be estimated from monoculture yields. Interspecific interference is estimated in a re-
design, and an important assumption is that yields in population mixtures can be estimated from monoculture yields. Interspecific interference is estimated in a re-A nnual sloughgrass and perennial tufted hairgrass placement series by comparing deviations from yields are two native wetland species found in Pacific of two competitors grown alone. Because emergence Northwest wetland landscapes. Interest in native habitat time is an important factor for determining dominance restoration and conservation has raised the question of and greatly influences interference (Ross and Harper, whether these grasses have the capacity to be reintro-1972) , stands established using same-age and same-size duced and persist in the presence of introduced competiseedlings can be used to determine the effects of other tors. Tall fescue is a widely adapted, introduced perencompetitive factors (Harper, 1977) . nial grass that is common in Pacific Northwest wetlands.
Other studies investigating the relative effects of enviThese habitats found in steppe and mixed grasslandronmental factors on interspecific interference included woodland landscapes east and west of the Sierraoat (Avena sativa L.) and barley (Hordeum vulgare L.) Cascade Mountain axis have been invaded by many temgrown in mixtures under differing conditions of soil pH perate Mediterranean species and less desirable natives. (deWit, 1960) and the effect of soil depth on a mixture Extensive anthropogenic disturbance from livestock of four oat species (A. sativa, A. strigosa Schreb., A. grazing and fire exclusion (Daubenmire, 1978) has fatua L., and A. ludoviciana Dur.) (Trenbath and greatly altered the grassland flora that once occupied Harper, 1973) . The impacts of temperature, shading, the interior valleys of western Oregon before European and soil moisture amount have been investigated for settlement (Habek, 1961; Franklin and Dyrness, 1988 has been used to identify optimal growing temperatures Forty-nine days after transplanting, the plants in each pot for agriculturally important species (Burke, 1990; Fergu- were harvested and separated by species, dried at 70ЊC to son and Burke, 1991; Burke and Oliver, 1993 be a useful indicator of plant environmental adaptation (Haulsladen and Alsher, 1994) . Glutathione reductase (GR) activity has been used to determine the thermal
[1] tolerance limits for several crops (Mahan et al., 1990; Anderson et al., 1992; Burke and Oliver, 1993; where k ij is the RCC, x i is the mean yield per plant of species and Upchurch, 1995). Glutathione reductase is involved i in the mixture, x j is the mean yield per plant of species j in in prevention of enzyme and membrane oxidation, reguthe mixture, y i is the mean yield per plant of species i in the lation of gene expression associated with abiotic stress pure stand, and y j is the mean yield per plant of species j in response, and detoxification during conditions of photothe pure stand (Harper, 1977 The objectives of this research were to determine (i) the effect of temperature on relative interspecific seedling Fluorescence Reappearance interference of native Pacific Northwest sloughgrass and Plants of the three grasses and 'Chuan Mai' wheat (no. 18// hairgrass and introduced tall fescue using a replacement JUP/DJP S ) were grown from seed in 1-L pots in the glassseries experimental design and (ii) whether relative inhouse under 25 to 20ЊC (day and night, respectively) conditions terference can be predicted by either the thermal rewith 12 h of supplemental lighting and were fertilized weekly sponse of PS II variable fluorescence reappearance folas described above. The fluorescence reappearance experilowing illumination of leaves or by the thermal stability ments were conducted using fully expanded green-healthy of GR.
leaves for ease of analysis. Wheat was included as a standard for comparison with results from previously published work (Burke, 1990) .
MATERIALS AND METHODS
Photosystem II variable fluorescence reappearance follow-
Substitutive Competition Assay
ing illumination was measured using a Brancker SF 30 fluorometer (Richard Brancker Research, LTD, Ottawa, ON, Sloughgrass seeds were collected from wild populations Canada). 1 Temperature was controlled using an eight-position near Corvallis, OR (44.3Њ N, 123.15Њ W) . Tufted hairgrass seeds thermal plate system consisting of 5 by 6.5 cm of independent, were obtained from the USDA-NRCS Plant Materials Center, electronically controlled, ceramic thermal modules with alumiCorvallis, OR. 'Titan' tall fescue seeds were obtained from a num caps capable of producing constant temperatures (Ϯ1.0ЊC) commercial seed company. from 5 to 40ЊC (device design modified from Burke and MaAll seeds were germinated on blotter paper (7 d in 20 mg han, 1993) . Water vapor condensation on the fluorometer L Ϫ1 KNO 3 at 5ЊC), and 60 same-age and same-size seedlings probe at temperatures Ͻ15ЊC was prevented by flushing the were transplanted into 2.7-L plastic pots with 15-cm top diameprobe detector surface and the sample area with desiccated ter that were filled with a potting mixture adjusted to a pH air that was prepared by forcing air through a column filled of 6.4. The three combinations of two-species mixtures were with silica gel stones (Griffith et al., 2000) . planted in the proportions: 0:1, 25:75, 50:50, 75:25, and 1:0 Approximately 10-mm-long leaf sections of the grasses were (3390 plants m Ϫ2 ). The 0:1 and 1:0 proportions represent the placed on moistened 3MM chromatography paper (Whatman, monoculture treatments for the first and second species of Maidstone, England); transferred to the temperature-coneach two-species combination, respectively. The planting dentrolled blocks; covered with CO 2 -permeable, transparent Glad sity used was determined from preliminary experiments where Cling Wrap plastic film (First Brands Corp., Danbury, CT); a constant final yield was obtained at 5ЊC within 7 wk. The and illuminated (high-pressure sodium lamp; 650 mol m Ϫ2 plants were provided nonlimiting amounts of water (watered s Ϫ1 ) for 10 min at 25ЊC. When all blocks reached the designated to soil water-holding capacity every 2 d) and fertilizer [watered temperature, the lamp was turned off, the chlorophyll fluoresto soil water-holding capacity weekly with Peters Professional cence measurements immediately begun (Time 0), and the nutrient solution (Scotts, Marysville, OH) using 473 mg N response recorded at 3-min intervals for 33 min using a 10-s L Ϫ1 ]. Injured and dead plants were replaced soon after initial excitation period with 5 W m Ϫ2 light (procedure modified from planting with surplus same-age and same-size seedlings to maintain the initial population density. There were five replicate pots of each monoculture and mixed treatment for each Table 1 . Nested factorial analysis of variance for the seedling dry Burke, 1990 accurately determine the optimal temperature. As a way to * Significant at the 0.05 level.
specifically quantify the optimal temperature that achieved ** Significant at the 0.01 level.
the highest FRR, two quantification approaches were used *** Significant at the 0.001 level.
instead of visual estimations. For the first, the temperature of † The F for the species source of variation is based on the mean square peak FRR (F V /F 0 T peak ) was estimated using the single greatest measurement intervals for all 10 temperature conditions. ‡ The restriction error indicates the competitors were nested within the species, which did not allow random assignment. § All remaining sources of variation, including those with replications and Glutathione Reductase Thermal Stability competitors, are summarized here.
Glutathione reductase (EC 1.6.4.2) was extracted from the and their interactions with species. Based on the significant three grasses and the wheat standard, and the apparent Midifference for the three-way interaction of species ϫ temperchaelis-Menten constant (k m ) of glutathione for GR was deterature ϫ density, the standard error of the mean was used to mined from assays using a fixed concentration of dihydronicotshow differences among means in the substitutive competiinamide adenine dinucleotide phosphate (NADPH; 100 M ) tion assay. made in 5ЊC increments for 5 to 40ЊC (Griffith et al., 2000) .
To determine the relationships among interspecific compeThe thermal stability of GR was determined as (i) the ⌬GR, tition measures from the replacement series experiments and which is the sum of the changes in apparent k m for each of species physiologic responses, the MXCOMP command of the 5ЊC increments over the range of 5 to 40ЊC and is repreNTSYSpc program version 2.2 (Rohlf, 1997) was used to calsented by:
culate product moment correlations (r ) from the normalized Mantel Z (Mantel, 1967) . This approach allowed determina-
tion of relationships among variables with single-and multistate characteristics. Because of the limited sample size (three grass species), the probability (P ) for r was based on critical where i represents each of the sequential temperatures (T ) values from the one-tailed t using the equation: at which the k m is determined and n is the number of temperatures examined; and (ii) the ⌬GR avg , which is the average
change in apparent k m for the ⌬GR over the range of temperatures tested and is represented by:
for one degree of freedom (Snedecor and Cochran, 1980) . Because the number of degrees of freedom was small, relation-
ships with P Յ 0.10 were accepted as significant. To prepare the response data for analysis using the Mantel
Statistical Methods
Z statistic, the symmetric Euclidean distance matrices were calculated from: Analysis of variance was determined for the grass monoculture treatments based on the dry mass per seedling. Species were used as treatments, and the five pots per species in each ΅ of the four temperatures were used as replications. Mean differences were determined using Fisher's protected LSD test (Snedecor and Cochran, 1980) . Based on the total mass of where A is any i ϫ j matrix for a ij ; i ϭ 1, 2, and 3, representing each species within a pot, an analysis of variance was used to each of the three grasses species; and j equaling the number test the effects of the two-species mixtures from the substituof measurements observed for a response variable. All data tive competition assay for the three grass species grown at four for a measured response were entered into a row for each of temperatures and in five densities (Table 1) . A modification of the grasses and transposed; using the STATS/CORR/EUthe nested hierarchical design was used because occurrence CLIDIAN function (SYSTAT 5.2.1 for the Macintosh; SPSS, of competitors within species was restricted in a nested fashion Chicago, IL), the data produced the distance (D) matrix: (Anderson and McLean, 1974 where e ij off of the diagonal is the Euclidean distance for each of the three grasses with the other two grasses for the variable The multistate measurements for interspecific interference from the replacement series experiments were (i) dry mass of the seedlings grown in monoculture at the four temperatures for tall fescue (27% reduction) as it was for sloughgrass (four measurements) and (ii) interference dry mass as a perand hairgrass (62 and 81% reductions, respectively). with the more dominant of two species having a greater temperature (seven measurements) and as ⌬GR avg obtained interference effect on the less aggressive species than by calculating the average of the seven ⌬GR observations the lesser species on itself in monoculture (Fig. 2) . Also, (one measurement; from Table 2 ). the influence of the less aggressive species on the more aggressive species was greater than the intraspecific effect of the lesser species on itself in monoculture. We
RESULTS AND DISCUSSION
did not conduct multiple density experiments to deterMonoculture Growth mine the influence of total density on replacement series experiment results (Jolliffe et al., 1984) . However, plant All three grasses grown in monoculture produced the same amount of seedling dry mass at 5ЊC, but differentidensity (3390 plants m
Ϫ2
) and seedling growth were sufficient for interference to occur among the three twoation among the species occurred as the growing temperature increased (Fig. 1) . At 10ЊC, tall fescue and species combinations. The general pattern of interspecific aggressiveness sloughgrass produced more dry mass than did hairgrass. When grown at 20ЊC, all three grasses reached maximal among the grasses at 10, 20, and 30ЊC was tall fescue Ͼ sloughgrass Ͼ hairgrass, as measured by the RCC (Fig.  dry mass production, but tall fescue produced more than sloughgrass, and sloughgrass more than hairgrass. Tall 2). The general pattern of species aggressiveness differed at 5Њ from the other three temperatures in that fescue grown in monoculture at 20 and 30ЊC produced more dry mass than at 5 and 10ЊC and more dry mass tall fescue was less aggressive than sloughgrass and hairgrass, and sloughgrass was less aggressive than hairgrass. than the two native species. At 30ЊC, tall fescue produced less dry mass than at 20ЊC but still more than both Generally, at no other temperature were the two native species more aggressive than tall fescue. native grasses. Dry mass production for sloughgrass was greater than that for hairgrass at 30ЊC.
The RCC for tall fescue grown with sloughgrass increased with increasing temperature while the sloughTall fescue was able to produce more dry mass when grown at 20 and 30ЊC than the two native grasses, and grass RCC declined. Hairgrass RCC also declined with increasing temperature when grown with tall fescue, but thus appeared to have an adaptive advantage by its capacity to fix C into dry mass at elevated temperatures.
the tall fescue RCC reached a maximum at 20ЊC and then declined at 30ЊC. Sloughgrass was more aggressive Both sloughgrass and hairgrass growth were not as robust at 30ЊC as at 20ЊC. Even though all three grasses than hairgrass as indicated by the lower average RCC for hairgrass than sloughgrass when grown with tall fesdid not perform as well at 30ЊC as at 20ЊC, the adverse effect of the higher temperature was not as pronounced cue (average RCC ϭ 0.5 and 0.9, respectively), the rela- in a warmer temperature regime (28-22ЊC day and night, tively lower RCC for tall fescue grown with sloughgrass respectively) than at a lower regime (22-16ЊC day and (4.4) than with hairgrass (6.8) at 30Њ, and the smaller night, respectively), for which barley and wild oat were average RCC for tall fescue with sloughgrass than hairmore aggressive than foxtail (Wall, 1993) . These findgrass (2.2 and 4.6, respectively).
ings further support the concept of temperature-compensating effects on the relative competitiveness of dif-
Tall Fescue Aggressiveness
ferent grass species. The dry mass production of individual seedlings Evidence that maximal density was achieved for congrown in mixtures, as a percentage of their species in stant yield of individual tall fescue seedlings was shown the monoculture control, varied for the three grasses by the similar dry mass amounts that resulted when tall depending on the growing temperature and mixture rafescue was grown in monoculture or with sloughgrass tio (Fig. 3) . For all mixture ratios grown at 10, 20, and in the 75:25 mixture and by the modest seedling dry mass 30ЊC, tall fescue generally produced more seedling dry increase when grown with hairgrass. The advantage for mass when grown with sloughgrass and hairgrass than tall fescue when grown with the less aggressive hairgrass its monoculture control (except for hairgrass at 10ЊC in at elevated temperatures was especially apparent in the the 75:25 ratio). Concurrent with the increase in tall 50:50 mixed population. Tall fescue seedlings grown in fescue seedling dry mass was a decrease in sloughgrass mixtures with the less competitive species experienced and hairgrass seedling dry mass compared with their less intraspecific interference because fewer number of monoculture controls (except for the 75:25 ratio). This tall fescue seedlings took advantage of relatively more demonstrated that tall fescue was more aggressive than space afforded by the less aggressive species. Thus, tall the native grasses, particularly at elevated temperatures fescue seedlings produced more dry mass when grown (20 and 30ЊC), and was indicative of sloughgrass and in mixtures with a less competitive species than when hairgrass being sensitive to the presence of tall fescue grown in monoculture. in mixtures. In contrast, other research using barley, At 5ЊC, tall fescue generally was less aggressive than sloughgrass and hairgrass in that the same amount of wild oat, and foxtail showed similar competitive effects was less aggressive toward sloughgrass and hairgrass than the two natives toward tall fescue (Fig. 2) . seedling dry mass was produced as its monoculture control (except in the 50:50 mixture ratio). The general Native Grass Aggressiveness density-stable response of tall fescue when grown at 5ЊC indicated that it was not as well adapted for growth with Sloughgrass, like tall fescue, was generally more aggressive than hairgrass at 10, 20, and 30ЊC when it comthe two native grasses under cooler conditions than at higher temperatures. There were no experimental conprised 25, 50, or 75% of the mixed population with hairgrass. The only exception was the 75:25 ratio at ditions for tall fescue grown with the two native grasses that resulted in less seedling dry matter production than 10ЊC, in which seedling dry mass was the same as in 5ЊC in the 25:75 and 75:25 population ratios when grown with either tall fescue or sloughgrass and at 10ЊC in the 75:25 population ratio when grown with sloughgrass. There were no conditions in which hairgrass interference reduced seedling dry mass of tall fescue or sloughgrass compared with their monoculture controls even though at 5ЊC, the hairgrass RCC was greater than that for tall fescue and sloughgrass (Fig. 2) . These findings from the replacement series interference studies generally demonstrated the compensating effects of these grasses on their relative aggressiveness due to thermal adaptive differences, particularly at low temperatures.
Fluorescence Reappearance and Glutathione
Reductase Thermal Stability
As with dry mass production, both the variable fluo- k m for glutathione (Fig. 5 ) varied for the three grasses over the range of temperatures used in the replacement series experiments. The two native grasses were less the monoculture control. At 5ЊC, sloughgrass seedling thermally stable than tall fescue as measured by the growth was similar to tall fescue in all population ratios average change in apparent k m for glutathione over the and produced larger seedlings than in monoculture range of four growing temperatures (⌬GR avg ) ( Table 2 ). when grown in the 25:75 and 75:25 population ratios.
The variable fluorescence reappearance peaked at 15ЊC Particularly in the 75:25 population ratio, sloughgrass for sloughgrass, 20ЊC for tufted hairgrass, and 22.5ЊC produced more seedling dry mass when mixed with tall for tall fescue ( Table 2 ). The average FRR was correfescue at 5 and 10ЊC than its monoculture control. This lated with ⌬GR and ⌬GR avg (P Յ 0.10) (Table 3) , which demonstrated that sloughgrass was at least as well generally confirms the utility of variable fluorescence adapted as tall fescue when grown under cool temperafor determining plant responses to thermal stresses (Mature conditions and could tolerate a greater seedling han et al., 1990; Burke, 1990; Burke, 1995;  Burke and density than tall fescue. The greater sloughgrass seedling Oliver, 1993; Ferguson and Burke, 1991) . The high assodry mass (concurrent with tall fescue seedling mass beciation of temperature of peak FRR with the FRR proing equal to its monoculture control) may have been due vides an easy-to-determine estimator of overall variable to sloughgrass seedlings growing without intraspecific fluorescence response over a range of temperatures (Tainterference while tall fescue seedling growth may have ble 3). However, unlike average FRR, temperature of been more physiologically limited at cooler temperapeak FRR was not associated with any other response tures. Sloughgrass seedling dry mass in the 25:75 mixture or predictor variables, which rules out further utility as with tall fescue was 0.032 mg seedling Ϫ1 Ϯ 0.012 mg and an indicator of plant aggressiveness. in monoculture was 0.018 mg seedling Ϫ1 Ϯ 0.001 mg.
Both the average FRR and ⌬GR of the three grasses The only conditions in which hairgrass had a greater seedling dry mass than its monoculture control were at were correlated with their seedling dry mass production 1.00 † FRR, fluorescence reappearance ratios for eight temperatures at 12 times after illumination; k m , apparent Michaelis-Menten constant of glutathione for glutathione reductase (GR) measured at eight temperatures; ⌬GR, total change in apparent k m over the range of measured temperatures; and ⌬GR avg , average change in apparent k m ; Seedling dry mass is the weight of individual seedlings grown in monoculture at 5, 10, 20, and 30؇C; and interference dry mass is the average seedling dry mass due to interference measured at four temperatures in three mixture ratios. ‡ Superscripts indicate the P for r based on critical values for the one-tailed t using Eq. [5] for 1 df from Rohlf and Sokal (1981). Because of the limited number of degrees of freedom, relationships with P р 0.10 were accepted as significant.
